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ABSTRACT 

This  report  describes  the  effort  expended  during  the  third  quarter 
on  the  Engineering  Change  ”A”  portion  of  the  Electronically  Steerable  Array 
Program  to  design  and  build  a  high  gain,  electronically  steerable,  milli¬ 
meter  antenna  system.  During  this  period  the  block  of  ferrite  used  in  the 
scanner  was  tapered  so  that  the  output  end  was  larger  than  the  input.  This 
resulted  in  greater  scan  capability  and  lower  sidelobes.  In  addition,  the  de¬ 
sign  o'  the  final  antenna  model  was  finalized  and  construction  of  the  antenna 
started. 


iii 


TABLE  OF  CONTENTS 


Section  Para  Item  Pag 

1  INTRODUCTION  .  1 

2  FLARED  SLAB  FERRITE  SCANNER .  3 

3  FINAL  ANTENNA  DESIGN .  14 

3. 1  Aperture  Analysis . . .  14 

3. 2  Array  Feed  System . . .  17 

3. 3  Ferrite  Scanner  Magnetic  Circuits .  22 

3. 4  Matching  Layers . . .  25 

4  OPERATION  OF  FINAL  ANTENNA  MODEL. . .  26 

5  PROGRAM  FOR  NEXT  QUARTER..... .  27 

LIST  OF  REFERENCES . 28 


APPENDIX  I  -  ANTENNA  RADIATION  FIELD  ANALYSIS. . .  29 


v 


LIST  OF  ILLUSTRATIONS 


Figure  No.  Title  Pa8e 

1  Geometry  of  Tapered  Ferrite  Slabs .  4 

2  Radiation  Patterns  Using  Scanner  la . . .  5 

3  Radiation  Patterns  Using  Scanner  lb . . .  8 

4  One-Dimensional  Array  of  Rectangular  Elements .  15 

5  Tapered  Scanners  Placed  as  Close  Together  as  Possible ...  16 

6  Tapered  Scanners  Staggered  to  Reduce  the  Effective  S  to  D 

Ratio  to  One . . . . . .  18 

7  Components  of  Radiation  Field  . . 19 

8  Full  Scale  Drawing  of  Proposed  Antenna . 20 

9  Geometry  of  Ferrite  Phase  Shifter .  23 

10  DC  Magnetic  Field  Configuration  in  Scanners .  24 

1-1  Phase  Centers  of  Array  Elements  . .  30 

1-2  Y-Component  of  Aperture  Field  . . 32 

1-3  X-Component  of  Aperture  Field  . .  34 


vi 


SECTION  1 


INTRODUCTION 

This  document  describes  the  effort  expended  by  Sylvania  Electronic 
Systems- Central  between  31  May  1965  and  27  August  1965  under  Engineering 
Change  "A"  to  Rome  Air  Development  Center  Contract  AF30(602)-3041,  en¬ 
titled  "Electronically  Steerable  Array".  Previous  effort  on  this  contract  has 
been  reported  on  in  Technical  Documentary  Report  No.  RADC-TDR-64-222 
(Ref.  1)  and  in  the  first  and  second  quarterly  reports  on  this  change  (Ref.  2 
and  3). 


The  main  objective  of  the  Engineering  Change  "A"  program  is  to  design, 
build  and  test  a  breadboard  model  antenna  incorporating  a  ferrite  scanner  which 
will  use  cubic  lattice  ferrite  material.  In  addition,  the  model  will  include  a 
magnetic  control  circuit,  matching  and  feed  system. 


The  major  design  goals  for  the  breadboard  model  antenna  are  as 


follows: 

Gain 

Scan  Angle 

Maximum  Sidelobes  - 
Power  Handling 
3  db  Beam  width 


35  to  38  db  (relative  to  isotropic  radiator) 
60  degrees  or  greater  in  two  dimensions 
20  db  below  peak 
5  kw  (peak) 

2x2  to  4x4  degrees 


In  addition  to  these  specific  objectives,  the  model  will  be  designed  to 
have  minimum  insertion  loss  and  magnetic  control  power  while  still  maximiz¬ 
ing  the  scan  speed. 

The  program  has  been  divided  into  three  phases.  The  first  phase, 
which  has  been  completed,  consisted  of  material  evaluation  and  preliminary 
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magnetic  circuit  design  tasks.  The  second  phase,  which  has  started,  consists 
of  the  final  design  and  build  stages.  The  final  phase  will  be  the  breadboard 
model  testing  phase.  The  first  phase  extended  through  the  first  nine  months 
of  the  program.  The  last  two  phases  will  cover  the  remaining  portion  of  the 
program. 


The  major  task  during  the  first  phase  was  to  evaluate  and  select  the 
ferrite  material  to  be  used.  A  secondary  task  was  to  consider  various  mag¬ 
netic  circuit  configurations  for  the  materials  under  evaluation. 

The  major  task  of  the  design  and  build  phase  is  to  use  the  material  in¬ 
formation  obtained  during  the  first  phase  to  finalize  the  design  of  the  compo¬ 
nents  of  the  scanner  consistent  with  design  goals.  A  secondary  task  of  this 
stage  is  the  consideration  of  all  practical  antenna  configurations,  also  by  using 
the  results  obtained  during  the  first  phase.  The  results  of  this  effort  will  be 
to  define  the  parameters  of  practical  configurations. 

The  third  phase,  as  stated,  will  be  the  testing  portion  of  the  program. 
The  tests  during  this  phase  will  partially  consist  of  obtaining  radiation  patterns 
of  the  model  as  a  function  of  scan  angle  and  applied  magnetic  field.  Tests  will 
also  be  run  to  obtain  gain  and  insertion  loss  measurements  for  the  model  as  a 
function  of  scan  angle.  Maximum  scan  speeds  and  control  power  will  also  be 
determined. 
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SECTION  2 


FLARED  SLAB  FERRITE  SCANNER 


In  the  last  quarterly  report  (Ref.  3),  a  change  in  the  shape  of  the 
ferrite  used  in  the  scanner  was  proposed  in  order  to  lower  the  sidelobes  and 
improve  the  scanning  capability.  This  change  consisted  of  flaring  the  ferrite 
such  that  the  output  end  of  the  ferrite  was  larger  than  the  input  Two  proposed 
shapes  for  this  flaring  are  shown  in  Figure  1„ 

Both  of  these  ferrite  slabs  were  tested  during  the  last  quarter.  The 
first  one  had  the  dimensions  shown  in  Figure  la.  It  was  constructed  from  four, 
one-half  by  one-half  inch  ferrite  bars  placed  side  by  side  and  perpendicular  to 
the  direction  of  propagation.  Figure  2a  through  2f  are  the  radiation  patterns 
for  this  scanner.  These  patterns,  taken  as  a  function  of  applied  current,  show 
a  considerable  improvement  in  sldelobe  level  over  the  parallel  side  ferrite 
slabs  tested  «  flier.  The  maximum  sldelobe  level  occurs  in  Figure  2b,  and  it 
is  -8. 5  db  below  the  main  lobe.  This  represents  a  decrease  of  5  db  from  the 
sldelobe  level  of  the  previously  tested  non-tapered  slabs. 

The  second  scanner  tested  had  a  three-inch  output  aperture  and  con¬ 
sisted  of  two,  one-half  by  one  inch  slabs  placed  as  shown  in  Figure  lb.  Radiation 
patterns  for  this  device  are  given  in  Figure  3a  through  3j.  Figure  3j  indicates 
that  as  much  as  35  degrees  of  scan  are  possible  with  this  device.  In  addition, 
the  maximum  sldelobe  level  occurs  in  Figure  3b  and  is  -8  db  below  the  main 
lobe.  It  should  also  be  noted  that  the  beamwidth  increases  with  scan  angle  from 
10.  5  degrees  in  Figure  3a  to  14.  5  degrees  in  Figure  3i.  In  Figure  3j,  the  beam 
has  started  to  split  into  a  narrow  main  beam  and  two  rather  high  sidelobes.  As 
the  current  is  increased  from  this  level,  the  sidelobes  increase  relative  to  the 
main  lobe. 
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(b)  I  =  100  ma 


Figure  2.  Radiation  Patterns  Using  Scanner  3a  (Sheet  1  of  3) 
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(c)  X  =  1 50  ma 


(d)  I  *  200  ma 


Figure  2.  Radiation  Patterns  Using  Scanner  la  (Sheet  2  of  3) 


(a)  1=  0  ma 


Figure  3.  Radiation  Patterns  Using  Scanner  lb  (Sheet  1  of  S) 
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(h)  1=1.2  a 


Figure  3.  Radiation  Patterns  Using  Scanner  lb  (Sheet  4  of  5) 
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(j)  I=h8  a 

Figure  3.  Radiation  Patterns  Using  Scanner  lb  (Sheet  5  of  5) 


All  tests  performed  on  the  tapered  ferrite  slab  scanners  indicate  that 
these  devices  produce  considerably  lower  sidelobes  than  the  non-tapered  de¬ 
vices  tested  earlier  c  This  improvement  in  scanner  shape  will  be  incorporated 
in  all  future  antenna  designs. 

It  should  also  be  noted  that  the  principle  of  tapering  the  ferrite  may 
be  extended  to  the  two  dimensional  scanner.  Here  the  ferrite  may  be  tapered 
in  two  directions  such  that  a  truncated  pyramid  shaped  ferrite  block  is  formed. 
Electromagnetic  cores  and  coils  may  then  be  placed  pn  the  four  tapered  sides  of  the 
block. 


Two  dimensional  scan  was  demonstrated  earlier  in  the  program  using 
a  parallel  side  ferrite  block.  The  results  of  this  work  were  included  in  Reference 
3.  Tapering  the  ferrite  in  two  planes  is  expected  to  considerably  improve  the 
radiation  patterns  for  two-dimensional  scan. 
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SECTION  3 


FINAL  ANTENNA  DESIGN 

In  the  last  quarterly  report  (Ref.  3),  the  various  methods  for  em¬ 
ploying  the  ferrite  scanner  technique  in  a  narrow  beam,  steerable  antenna 
were  discussed.  Both  the  single  large  scanner  approach  and  the  array  of 
smaller  scanners  appear  to  be  feasible.  The  multiple  aperture  approach 
has  been  chosen  for  further  consideration  in  this  program.  A  device  of  this 
type  will  be  built,  tested,  and  delivered  as  part  of  the  program  requirements. 

3. 1  Aperture  Analysis 

Considerable  analysis  of  multiple  aperture  antennas  was  presented 
in  Section  4  of  Reference  3.  The  beam  forming  properties  of  such  an  array 
were  analyzed  using  optical  diffraction  theory.  Figure  4  shows  the  geometry 
of  the  aperture  that  was  analyzed.  One  result  of  the  analysis  is  that  for  ratios 
of  S  to  D  greater  than  one,  the  radiation  pattern  in  the  yz -plane  has  grating 
lobes,  and  the  relative  amplitude  of  these  lobes  increases  as  the  S  to  D  ratio 
increases.  Therefore,  in  order  to  decrease  sidelobes,  the  apertures  should 

c 

be  placed  as  close  together  as  possible.  In  particular,  if  q-  =  1,  the  grating 
lobes  are  eliminated  altogether. 

When  ferrite  scanners  are  used  for  the  array  elements,  the  problem 
of  reducing  the  S  to  D  ratio  is  complicated  by  the  scanner  geometry.  The  ad¬ 
vantages  of  flaring  the  ferrite  scanning  element  were  discussed  in  Section  2  of 
this  report.  However,  when  flared  elements  are  placed  side  by  side  to  form 
an  array,  the  S  to  D  ratio  is  greater  than  one  since  the  effective  aperture  of  a 
scanner  is  the  area  of  its  input  surface.  This  is  shown  in  Figure  5  where  the 
S  to  D  ratio  is  two.  For  this  value,  and  for  a  three-element  array  as  shown, 
the  first  grating  lobe  would  be  only  -5. 0  db  below  the  main  beam.  In  addition, 
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if  any  phase  errors  are  present  between  the  elements,  the  grating  lobe  level 
will  increase.  This  sidelobe  level  is  unacceptable  for  many  applications. 

The  sidelobe  level  may  be  substantially  reduced  by  staggering  the 
scanning  elements  as  shown  in  Figure  6.  Here  the  effective  S  to  D  ratio  is 
one  and  the  grating  lobes  have  been  eliminated.  The  final  antenna  design  will 
employ  staggered  elements  in  order  to  take  advantage  of  this  sidelobe  reduction. 

An  analysis  of  the  radiation  patterns  for  this  aperture  configuration 
has  been  performed  and  is  included  in  Appendix  I.  The  scanners  are  assumed 
to  be  fed  by  diagonal  horns  (Ref.  4)  excited  with  circularly  polarized  waves. 

The  radiation  from  this  array  will  therefore  be  circularly  polarized  and,  at 
each  point  in  space,  the  electric  field  will  have  two  components  in  time  and 
space  quadrature. 

Calculated  radiation  patterns  for  the  antenna  shown  in  Figure  6  are 
given  in  Figures  7a  and  7b.  These  patterns  indicate  that  the  antenna  beam- 
width  is  about  2. 2  degrees  and  the  largest  sidelobe  is  13. 5  db  below  the  main 
lobe. 

3. 2  Array  Feed  System 

Ferrite  scanners  were  chosen  as  antenna  elements  to  provide  a 
method  for  scanning  the  individual  element  patterns.  However,  in  order  to 
scan  the  overall  array  pattern,  the  relative  phase  between  array  elements 
must  be  adjusted.  Phase  shifters  are  therefore  needed  in  the  individual  ele¬ 
ment  feed  lines. 

Figures  8a  and  Cb  show  the  proposed  feed  system  for  a  five-element 
array.  The  figures  show  the  elements  on  opposite  sides  of  a  common  mounting 
plate.  Note  in  Figure  8a  that  the  center  feed  line  does  not  contain  a  phase 
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o.a 


Figure  8.  Full  Scale  Drawing  of  Feasibility  Antenna  (Sheet  1  of  2) 


shifter.  Thus,  the  phase  shifts  in  the  other  four  lines  will  be  made  relative  to 
this  line.  Note  also  that  each  phase  shifter  is  preceded  by  a  circular  polarizer. 

The  input  wave  to  each  shifter  is  therefore  circularly  polarized. 

The  type  of  phase  shifter  being  constructed  is  the  Faraday  rotator  type  as 
illustrated  in  Figure  9.  This  device  consists  of  a  ridged  circular  waveguide  con¬ 
taining  a  rod  of  ferrite  at  its  center.  A  DC  magnetic  field  is  applied  along  the  guide 
axis.  As  this  field  is  varied  in  magnitude,  the  phase  of  a  circular  polarized  wave 
traveling  down  the  guide  will  be  shifted. 

Other  components  of  the  feed  system  include  diagonal  horns  and  rectangular  - 
to-circular  waveguide  transitions.  These  components  are  being  constructed  using 
electroforming  tecuniques.  The  remaining  feed  components  consist  of  sections  of 
rectangular  waveguide  and  magic  "T"  junctions  which  are  used  as  power  dividers. 

Analysis  of  the  feed  system  indicates  that  the  center  three  array  elements 
will  each  transmit  one-fourth  of  the  input  power,  and  the  outer  two  elements 
will  transmit  one-eighth.  It  is  noted  that  this  amplitude  taper  was  assumed  in 
calculating  the  radiation  patterns  shown  in  Figures  7a  and  7b.  Therefor  e,  these 
figures  represent  the  patterns  of  the  antenna  in  Figures  8a  and  ob. 

3. 3  Ferrite  Scanner  Magnetic  Circuits 


Figures  8a  and  8b  also  show  the  ferrite  scanners  and  the  proposed 
arrangement  of  coils  and- magnetic  core  material.  The  DC  magnetic  fields  for 
two  scanners  are  shown  in  Figure  10.  This  figure  illustrates  how  one  coil  is 
used  to  provide  part  of  the  field  for  each  of  two  adjacent  scanners.  This  method 
increases  the  efficiency  of  the  magnetic  circuit  and  reduces  the  required  control 
power. 
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Figure  9.  Geometry  of  Ferrite  Phase  Shifter 


Figure  10.  DC  Magnetic  Field  Configuration  in  Scanners 


24 


3. 4  Matching  Layers 


Dielectric  matching  layers  will  be  provided  at  both  the  input  and  output 
ends  of  the  ferrite  scanners.  A  complete  analysis  of  the  thickness  and  dielec¬ 
tric  constant  required  for  this  application  was  performed  during  the  study  phase 
of  this  contract,  and  the  results  are  presented  in  Reference  1.  The  material 
used  has  a  relative  dielectric  constant  of  3.  5,  and  the  layer  thickness  needed  to 
match  plane  waves  into  (or  out  of)  the  ferrite  is  .021  inches.  This  is  the  correct 
value  for  normal  incidence  However,  at  the  output  2nd  of  the  scanner,  the  wave 
is  incident  at  oblique  angles  when  the  beam  is  scanned.  Therefore,  the  layer  will 
provide  only  an  approximate  match  for  these  waves.  The  slight  reduction  in 
antenna  gain  at  large  scan  ahgles  will  be  partially  due  to  this  mismatch. 
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SECTION  4 


OPERATION  OF  FINAL  ANTENNA  MODEL 

The  array  antenna  described  in  the  previous  sections,  and  as  shown  in 
Figures  8a  and  8b, is  capable  of  forming  a  2.2°  by  4.8°  fan  beam  at  broadside. 

In  addition,  the  beam  may  be  scanned  through  ±35°  in  the  2.2°  beamwidth  plane. 
This  array  has  the  capability  to  scan  the  individual  element  patterns  as  the  over¬ 
all  array  pattern  is  scanned.  As  a  result,  the  antenna  may  be  scanned  over  large 
angles  with  little  decrease  in  pattern  amplitude  and  beamwidth. 

This  antenna  is  currently  being  constructed  and  will  be  tested  in  the 
final  quarter  of  this  program.  Measurements  will  include  efficiency,  pattern 
shape,  polarization,  maximum  scan,  control  circuit  power  requirements  and 
hysteresis  effects. 


SECTION  5 


PROGRAM  FOR  NEXT  QUARTER 

During  the  next  quarter,  a  ferrite  phase  shifter,  similar  to  the  one 
illustrated  in  Figure  9,  will  be  tested.  Construction  of  the  final  antenna  model 
will  be  completed,  and  the  antenna  will  be  tested.  Complete  sets  of  data  con¬ 
cerning  radiation  patterns,  power  requirements,  etc. ,  will  be  obtained.  This 
data  will  be  presented  in  the  final  report. 
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APPENDIX  I 


ANTENNA  RADIATION  FIELD  ANALYSIS 

The  effective  aperture  of  the  five-element  array  is  equivalent  to  the  lower 
drawing  of  Figure  6.  In  addition,  for  radiation  patterns  in  the  scan  plane,  the 
apertures  may  be  considered  to  be  in  line,  as  in  Figure  4. 

The  total  radiation  pattern  of  this  antenna  is  the  product  of  the  array 

pattern  and  the  element  pattern  E  : 
a  e 

E(0)  =  E  (0)E  (0)  .  (1) 

From  Figure  1-1,  it  is  seen  that  the  array  pattern  is 

Ea(9)  =  Ao+Ale)kS  8ln  ®+  Ale-ikS  sin  * 

+A2eik2S  sln  0  +A?e-Jk2S 
or, 

Ea(°)  =  A0+  2Ai  ccs  (w  sln  +  2a2  cos  (2  k*  sin  0),  (2) 

where  Aq,  A^,  Ag  are  element  amplitudes.  Since  the  diagonal  horn  feeds  are 
circularly  polarized,  the  element  pattern  will  have  two  components  in  time  and 
space  quadrature: 

Ee(O)  =  E0  +  JEQ  (3) 
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The  expression  for  E0  may  be  calculated  using  an  equation  given  by  Silver  (Ref.  5): 


E0(u)  =  ^  f0  (x)eJuxdx, 


where: 


u  =  sin  0;  and 

A 


f0(x)  is  the  x  dependence  of  the  part  of  the  aperture  field  which  is  parallel 


to  E0  (see  Figure  1-2). 

Since  the  apertures  are  fed  with  diagonal  horns.  (Ref.  4), 

f0(x)  =  cos  \  x> 

as  shown  in  Figure  1-2. 


Thus: 


fi0(u)  -  ^ 


tt  iux  . 
cos  2 x  e  d*; 


D  4tt  cos  u 
2  ”2—2 


7T  -4  U 


After  normalizing  at  0  =  0  to  unity, 


2 

„  /  v  If  COB  U 

Vu>  =  2  :  2 

*  7T  -  4  U 
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In  a  similar  manner  the  0  component  is 

1 

E0(u)  =  I?  j  tyx)  dx, 


-1 


and  from  Figure  1-3, 


fQ(x)  =  1. 


Thus: 


Vu> 


Now  from  equations  (1)  and  (3),  the  0  component  of  the  total  field  is 


E0(O)  =  E0(u)  Ea  (0). 

If  the  following  is  substituted  into  equation  (2): 


kS  sin  0  =  sin  0  =  ^  sin  0); 


2S 


u 


then  equation  (6)  may  be  expressed  completely  in  terms  of  u. 
Thus: 


Vu)  ■; 


,29 


4S 


Aq+Aj  COS  u)  +  2  Ag  COS  (-jy  u) 


where: 


u  =  ~  sin  0  . 


(5) 

(6) 


(7) 
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Figure  1-3.  X-Component  of  Aperture  Field 


For  the  particular  feed  network  used,  the  power  is  divided  between  the  elements 
such  that  Aq  =  ^  and  A ^  ^ .  Finally,  equation  (7)  becomes 


2  i  * 

IP  /„\  _  *  cos  u  1 

Vu)  \  ? 


1+2  cos  u)  +  cos  u) 


7!  -  4u 

Similarly,  the  0  component  is  found  to  be 


D 


„  /  x  sin  u 
E9(u)  =  — 


1+2  cos  4^  u)  +  cos  (  ^  u  ) 


where: 


u 


sin  0 


S  =  spacing  between  element  phase  centers;  and 
D  =  width  of  each  aperture. 


(8) 


0) 


For  the  aperture  configuration  shown  in  Figure  8,  ,S  equals  D.  Equations  (8)  and 
(9)  were  used  to  calculate  radiation  patterns  for  this  aperture.  The  results  are 
shown  in  Figures  7a  and  7b. 
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